The carillon is one of the few instruments that elicits sophisticated haptic interaction from amateur and professional players alike. Like the piano keyboard, the velocity of a player's impact on each carillon key, or baton, affects the quality of the resultant tone; unlike the piano, each carillon baton returns a different force-feedback. Force-feedback varies widely from one baton to the next across the entire range of the instrument and with further idiosyncratic variation from one instrument to another. This makes the carillon an ideal candidate for haptic simulation. The application of synthesized force-feedback based on an analysis of forces operating in a typical carillon mechanism offers a blueprint for the design of an electronic practice clavier and with it the solution to a problem that has vexed carillonists for centuries, namely the inability to rehearse repertoire in private. This paper will focus on design and implementation of a haptic carillon clavier derived from an analysis of the Australian National Carillon in Canberra.
Introduction

Haptics in Musical Instruments
It has been conclusively demonstrated that musicians and sound-makers depend heavily on their haptic interaction with a sound-producing device; it has also been demonstrated that performers are 'trainable', with an inherent capacity to learn new haptic cues and employ them in musical performance of novel instruments [1] . Indeed, novel instruments incorporating some form of haptics are increasingly pervasive as the barrier to entry for hardware and software is lowered [2].
However, sophisticated haptic implementations of traditional musical instruments are less common. The TouchBack piano [3] , the V-Bow [4], the D'Groove [5] , the MIKEY project [6] , and the Haptic Drumstick [7] are notable examples of the few traditional instruments rendered specifically as haptic devices. Even rarer are attempts at applying haptic principles in realising instrument designs specifically designed to help train musicians in the performance of a traditional instrument.
In the authors' opinion, the greater research focus on haptics in novel, nontraditional devices is due to both legitimate interest in augmenting conventional instruments and creating new ones in order to extend the capabilities of electroacoustic performance, and the problems associated with recreating and simulating traditional instruments. These difficulties range from gathering information about the dynamic behavior of a traditional instrument to building a satisfactory prototype that has the 'feel' a seasoned instrumentalist expects.
A haptic incarnation of a traditional instrument, built for the purpose of practice or honing musicianship skills, must perform to the constraints of the real instrument. Further, a haptic instrument needs to replicate the visual, mechanical and sonic characteristics of the manipulandum -the point at which haptic interaction occurs between the musician and the instrument.
The Carillon Problem
The Haptic Carillon project is motivated by the possibility that the haptic and sonic characteristics of any carillon in the world can be simulated. To this end, an analysis of the haptic and sonic properties of the National Carillon in Canberra, Australia [8], has been undertaken, and these features have been statistically modeled. Fig. 1. (a) the carillon keyboard -National Carillon, Canberra, Australia (b) simplified representation of the carillon mechanism A carillon ( Figure 1) is a mechanical construction with bells of various size played by a carilloneur from a mechanical keyboard, or clavier, housed beneath the bell chamber. It represents a particularly difficult haptic/sonic problem.
The carillon exhibits a mechanical complexity comparable to the piano, but where the piano aims at a consistency of haptic response across the entire instrument the carillon is predicated upon the idea that each key requires a different degree of force
